Recent studies provide evidence that premature maternal decidual senescence resulting from heightened mTORC1 signaling is a cause of preterm birth (PTB). We show here that mice devoid of fatty acid amide hydrolase (FAAH) with elevated levels of N-arachidonyl ethanolamide (anandamide), a major endocannabinoid lipid mediator, were more susceptible to PTB upon lipopolysaccharide (LPS) challenge. Anandamide is degraded by FAAH and primarily works by activating two G-protein-coupled receptors CB1 and CB2, encoded by Cnr1 and Cnr2, respectively. We found that Faah ؊/؊ decidual cells progressively underwent premature senescence as marked by increased senescence-associated ␤-galactosidase (SA-␤-Gal) staining and ␥H2AX-positive decidual cells. Interestingly, increased endocannabinoid signaling activated MAPK p38, but not p42/44 or mTORC1 signaling, in Faah ؊/؊ deciduae, and inhibition of p38 halted premature decidual senescence. We further showed that treatment of a long-acting anandamide in wild-type mice at midgestation triggered premature decidual senescence utilizing CB1, since administration of a CB1 antagonist greatly reduced the rate of PTB in Faah ؊/؊ females exposed to LPS. These results provide evidence that endocannabinoid signaling is critical in regulating decidual senescence and parturition timing. This study identifies a previously unidentified pathway in decidual senescence, which is independent of mTORC1 signaling.
Preterm birth (PTB) 3 is reflected in low birth weight and immaturity of multiple organs, particularly the respiratory sys-tem. PTB accounts for about 12% of all births in humans (ϳ12 million babies per year) and is the leading cause of neonatal death with 1 million neonatal deaths per year (1) . Although United States health care has made significant advances, the rate of PTB has remained around 11% since 1990 (2, 3) . The failure to substantially reduce the incidence of PTB is attributed to multiple etiologies, including decidual senescence, genetic disposition, infection/inflammation, stress, and environmental insults (4 -6) .
Recent evidence shows a critical role of maternal decidua in PTB (6, 7) . Maternal decidual cells are derived from uterine stromal cells. After placentation, the decidua in the mesometrial side functions as an anchoring dock for the feto-placental unit and provides a buffer zone between the myometrium and placental trophoblasts to regulate appropriate trophoblast invasion. Trophoblasts invade the maternal decidual zone and remodel maternal blood vessels to establish the maternal-fetal exchange system that provides nutrition and oxygen to the fetus. Maternal decidual cells undergo progressive senescence with approaching parturition (4) . At midgestational stage, the decidua helps stabilize the placenta; prior to the onset of parturition, the decidual layer thins to facilitate the parturition process. Evidence in mice with uterine inactivation of p53 shows that one major cause of PTB is premature decidual senescence which becomes more aggravated by an inflammatory stimulus (5) .
Marijuana is the most frequently used illicit drug during pregnancy, and cannabinoids/endocannabinoids have been shown to influence various reproductive events (8) . However, the role of cannabinoids or endocannabinoids signaling in parturition and PTB is not known. In the early 1990's, discovery of several endogenous cannabis-like compounds and their target receptors greatly advanced the research on cannabinoid signaling. N-Arachidonoyl ethanolamide (AEA, popularly known as anandamide) and 2-arachidonoylglycerol (2-AG) are the two most studied endocannabinoids (9, 10) . Both of them target two G-protein-coupled cannabinoid receptors: Cnr1 encoding CB1 (11, 12) and Cnr2 encoding CB2 (13) . Although AEA is considered to be produced primarily from N-arachidonoylphosphatidylethanolamine (NAPE) by NAPE-hydrolyzing phospho-lipase D (14) , other pathways can also contribute to AEA synthesis (15, 16) . AEA is degraded to ethanolamine and arachidonic acid by a membrane-bound fatty acid amide hydrolase (FAAH) (17) . Although FAAH can hydrolyze other N-acyl ethanolamine (NAE) lipids and to a lesser extent 2-AG (18) , studies in Faah Ϫ/Ϫ mice have shown that FAAH regulates the magnitude and duration of AEA signaling via activation of CB receptors (15, 19) . The activation of CB1 and CB2 exert different biological effects in a cell-type specific manor. Coupling with Gi/o or Gq proteins, CB1 and CB2 could regulate Ca 2ϩ channels (20, 21) , inhibit adenylyl cyclase (12, 22) and stimulate mitogen-activated protein kinases (MAPKs) including ERK, JNK, and p38 (21, (23) (24) (25) .
We explored the role of sustained and increased endocannabinoid signaling on parturition. We used Faah mutant mice that are continually exposed to higher AEA levels, which activate CB receptors in a similar manner to exogenous cannabinoid ligands, delta-9-tetrahydrocannabinol present in marijuana and synthetic cannabinoids (19) . We found that Faah Ϫ/Ϫ mice have comparable gestational lengths to wild-type (WT) mice. Since lipopolysaccharide (LPS) can activate Toll-like receptor 4 (TLR4) and evoke release proinflammatory cytokines in the uterus and fetal membrane to induce preterm birth in mice and non-human primates (26), we used widely used LPS-induced preterm birth model to study the role of cannabinoid signaling in preterm birth in mice. After LPS challenge, Faah Ϫ/Ϫ females became more susceptible to PTB compared with their WT counterparts. We found that the elevated endocannabinoid signaling in Faah Ϫ/Ϫ mice leads to premature decidual senescence via increased MAPK signaling (phospho-p38, p-p38) levels in the decidua, resulting in higher sensitivity to LPS-induced PTB.
Experimental Procedures
Animals and Treatments-WT, Faah Ϫ/Ϫ , and Cnr1 Ϫ/Ϫ mice and their littermates were housed in the animal care facility at the Cincinnati Children's Hospital Medical Center according to NIH and institutional guidelines for laboratory animals. Faah Ϫ/Ϫ and Cnr1 Ϫ/Ϫ mice were generated as described (19, 27) . All protocols of the present study were approved by the Cincinnati Children's Hospital Research Foundation Institutional Animal Care and Use Committee.
Female mice were mated with WT fertile males to induce pregnancy (vaginal plug ϭ day 1 of pregnancy). Parturition events were monitored from days 17 through 21 by observing mice daily in the morning and evening. PTB was defined as birth occurring earlier than day 19. Ultrapure LPS (E. coli 0111:B4, tlrl-3pelps, Invivogen) were dissolved in saline and given intraperitoneally in the morning of day 16. Pregnant Faah Ϫ/Ϫ females were treated with a p38 inhibitor, SB203580 (500 g/mouse/day, Cayman) or SR141716 (100 g/mouse/day, NIDA) on days 10, 12, 14, and 16 of pregnancy, and tissues were collected on day 16 or examined for parturition timing. Pregnant WT females were treated with methanandamide (150 g/mouse/day, Cayman) or URB597 (60 g/mouse/day, Cayman) on days 10, 12, 14, and 16 of pregnancy.
In Situ Hybridization-In situ hybridization was performed as previously described (28) . In brief, frozen sections (12 m) were mounted onto poly-L-lysine-coated slides and fixed in cold 4% paraformaldehyde in PBS. The sections were prehybridized and hybridized at 45°C for 4 h in 50% (v/v) formamide hybridization buffer containing 35 S-labeled antisense RNA probes. The probe for Ptgs2 and Plpj (a gift from Michael Soares, University of Kansas Medical Center, Kansas City, Kansas) was synthesized as previously described (5, 29) . RNase A-resistant hybrids were detected by autoradiography. Sections were post-stained with H&E.
Measurement of Estradiol-17␤ (E 2 ) and P 4 Levels-Serum levels of E 2 and P 4 were measured by Enzyme Immunoassay kits (Cayman).
SA-␤-gal Staining-Staining of SA-␤-gal activity was performed as described previously (7) . The staining was performed at pH 5.5. To compare the intensity of SA-␤-gal staining, sections from different genotypes and on different days of pregnancy were processed on the same slide.
Measurement of N-Acyl Ethanolamines, 2-Acyl-sn-glycerol and Prostaglandins Profiles-Maternal decidual tissues of implantation sites were collected on day 16 of pregnancy. These tissues were flash frozen and stored at Ϫ80°C until used for extractions. Methanolic extracts of tissues were partially purified using C18 solid-phase extraction columns (Agilent), and prostaglandins were quantified by HPLC-tandem mass spectrometry as previously described (7, 30) .
Immunostaining-Immunostaining of Cytokeratin 8 (the Developmental Studies Hybridoma Bank, University of Iowa), ␥H2AX (Millipore), and p-p38 (Cell signaling) was visualized using a Histostain-Plus (diaminobenzidine) kit (#2014, Invitrogen). Immunofluorescence for ␥H2AX (Millipore) was performed using a secondary antibody Cy2-conjugated donkey anti-mouse (Jackson Immuno Research). Nuclear staining was by Hoechst 33342 (H1399, Molecular Probes, 2 g/ml). Immunofluorescence was performed on fresh-frozen sections. Sections were fixed in 10% neutral buffered formalin and incubated with primary antibody at 4°C overnight, followed by incubation in secondary antibody for 1 h in PBS. Immunofluorescence was visualized under a confocal microscope (Nikon Eclipse TE2000). Quantitative analysis was performed using Nikon NIS Elements Advanced Research software.
Western Blotting-Protein extraction and Western blotting were performed as previously described (31, 32) . Antibodies to p38, p-p38, S6, p-S6, p42/44, p-p42/4, MAPKAPK2, and p-MAPKAPK2 were obtained from Cell Signaling. Bands were visualized by using an ECL Prime Western blotting detection system (GE Healthcare).
Quantitative PCR-RNA was prepared from homogenized tissues using TRIzol reagent (Invitrogen). RNA extraction was performed as described previously (7, 31) . Quantitative PCR (qPCR) was performed using StepOnePlus Real-Time PCR System (Applied Biosciences). PCR was performed using the following primers: p16, ATCTGGAGCAGCATGGAGTC and GCAGAAGAGCTGCTACGTGA; Foxo1, AAGAGCGTGCC-CTACTTCAA and CTCCCTCTGGATTGAGCATC; p21, GTACTTCCTCTGCCCTGCTG and TCTGCGCTTGGAG-TGATAGA; Cnr1, TCTTAGACGGCCTTGCAGAT and AATTCTCCCCACACTGGATG; Prl8a2, GGGAGAAAGC-TGCATCAATTCCT and GCTCTGAGAACCTCCTCATC-ACG; Plpj, TTCTGGAGGGAGCAAAAGC and CCACCTGT-CAGGCTCGTTAT; Gapdh, TGTTCCTACCCCCAAT-GTGT and AGGAGACAACCTGGTCCTCA. Gapdh served as housekeeping genes for mouse tissues or cells.
Cell Culture and in Vitro Decidualization-Stromal cells were collected by enzymatic digestion of WT uteri on day 4 of pregnancy as described previously (33) . The cells were cultured in phenol-red free DMEM/F12 medium supplemented with charcoal-stripped 1% FBS (w/v) overnight prior to the initiation of decidualization by treatment of E 2 (10 nM) and Medroxyprogesterone acetate (1 M).
Statistical Analysis-Statistical analysis was performed using the Student's t test and Chi-square test. p Ͻ 0.05 was considered significant. Values are mean Ϯ S.E.
Results
Mice Exposed to Higher Endocannabinoid Signaling Are Susceptible to Inflammation-induced PTB-To study the effects of elevated endocannabinoid signaling in mouse parturition timing, WT and Faah Ϫ/Ϫ females were mated with WT males. In this breeding scheme, placentas and fetuses are heterozygous, and maternal deciduae are FAAH deficient. To confirm placentation was not affected, histology of the implantation sites was examined on day 14 of pregnancy; cytokeratin staining was used to demarcate trophoblast derived cells. Trophoblast cells in the labyrinth and spongy layers of the placenta and those cells invading the maternal decidual zone were cytokeratin positive ( Fig. 1A) . No obvious differences in placentation and trophoblast invasion were observed in WT and Faah Ϫ/Ϫ females. A marker of the spongy layer Plpj was further examined by in situ hybridization and real time PCR on day 16 of pregnancy (5) . The signal intensity and pattern of Plpj expression were comparable between WT and Faah Ϫ/Ϫ implantation sites (Fig. 1, B and C). These results suggested that placental development in Faah Ϫ/Ϫ is comparable to that in WT. Faah Ϫ/Ϫ females have a gestational length (ϳ19.8 days) that closely matches that of WT females in our barrier mouse facility. However, an intraperitoneal injection of 25 g of LPS on day 16 of pregnancy resulted in 80% of Faah Ϫ/Ϫ females undergoing PTB with no surviving pups as opposed to only 43% of WT females experiencing PTB at this LPS dose ( Fig. 1D ). When the dose of LPS was raised to 37 g, the PTB rate increased to 64 and 86% in WT and Faah Ϫ/Ϫ females, respectively. Since the responses to 25 g of LPS showed a larger difference in PTB rates between WT and Faah Ϫ/Ϫ females, this LPS dose was used in all subsequent in vivo experiments. To confirm that maternal decidual levels of endocannabinoids were elevated in Faah Ϫ/Ϫ females, the AEA and 2-AG levels in maternal decidual tissues were measured 12 h after vehicle or LPS (25 g) injections. We found that 2-AG, and other 2-acyl-sn-glycerol levels, showed no significant changes in Faah Ϫ/Ϫ decidua as compared with those in WT mice in vehicle-treated groups, but as expected, levels of AEA and other NAEs were significantly elevated (Fig. 2, A and  B) . Importantly, the levels of all NAEs, including AEA, were higher after LPS stimulation in WT and Faah Ϫ/Ϫ deciduae (Fig.  2B ), whereas levels of 2-AG or other 2-acyl-sn-glycerols showed little or no changes after LPS challenge ( Fig. 2A ). Consistent with our previous observation (34) , the results indicate that FAAH is a major regulator of tissue levels of NAEs. Increases in NAEs after LPS challenge were reported in a recent study (35) . This suggests that NAEs acutely respond to LPS challenge by a mechanism not yet clearly understood. Collectively, the results demonstrate that the increased rate of LPSinduced PTB occurs in Faah Ϫ/Ϫ mice with higher levels of NAEs.
Enhanced Endocannabinoid Signaling Imposes Premature Decidual Senescence-Higher serum P 4 levels maintain myometrial quiescence during pregnancy. LPS-induced inflamma- tion promptly causes a fall in P 4 levels (36) , which predispose pregnant females to PTB (37) . To examine whether the higher sensitivity to LPS in Faah Ϫ/Ϫ mice correlated with ovarian hormone production, we quantified serum levels of estradiol-17␤ (E 2 ) and P 4 12 h after LPS injection on day 16. Although LPS challenge significantly decreased P 4 levels in both Faah Ϫ/Ϫ and WT mice, the levels were comparable between the two groups (Fig. 3A ). E 2 levels in WT and Faah Ϫ/Ϫ females were also comparable after LPS injection. Since the decreases in P 4 levels are considered to be a major cause of preterm birth, we tried to rescue the phenotype in Faah Ϫ/Ϫ females by supplementing P 4 (1 mg) 3 h before and 6 h after LPS injection. Although P 4 supplement efficiently decreased preterm labor, but intra-uterine resorption of implantation sites was observed in 8 out of 12 Faah Ϫ/Ϫ females.
Prostaglandins (PGs) play a major role in parturition. There is evidence that PGE 2 , PGF 2␣ , and PGI 2 are up-regulated in the uterus and decidua at the onset of parturition (38) , and enhance the contractile response/activity in the myometrium (39, 40) . Cyclooxygenases, Ptgs1 (Cox1) and Ptgs2 (Cox2) are two major enzymes that catalyze PG biosynthesis. Ptgs1 is considered to be constitutively expressed in many tissues, while Ptgs2 is induced by growth factors, cytokines, and various inflammatory stimuli (41) . Our previous studies in p53 d/d mice indicated that Ptgs2 is activated after LPS challenge in decidual cells (5, 7) . Therefore, we examined the expression of Ptgs2 on day 16 by in situ hybridization in WT and Faah Ϫ/Ϫ implantation sites 12 h after LPS challenge. We found that Ptgs2 expression was noted at the maternal-conceptus interface, primarily in the decidual cells, but the expression pattern and signal intensity were compara- Faah ؊/؊ and WT mice had comparable P 4 and E 2 levels (mean Ϯ S.E.). B, in situ hybridization of Ptgs2 on day 16 implantation sites 12 h after LPS injection. WT and Faah ؊/؊ mice had comparable Ptgs2 signals. C, profiles of prostaglandins in maternal decidua 12 h after LPS injection on day 16 (mean Ϯ S.E.). D, SA-␤-gal staining (blue) in sections of WT and Faah Ϫ/Ϫ implantation sites 12 h after LPS or saline injection on day 16 of pregnancy. Cellular senescence was higher in Faah Ϫ/Ϫ as compared with WT decidua with saline treatment as evident from higher SA-␤-gal activity. After LPS injection, SA-␤-gal activity was increased in WT and Faah Ϫ/Ϫ decidua as compared with those treated with saline. Note reduced decidual thickness in Faah Ϫ/Ϫ decidua after LPS injection. Decidual thickness is marked by vertical lines. E, SA-␤-gal staining (blue) in sections of WT and Faah Ϫ/Ϫ implantation sites on day 12 of pregnancy. Images presented in panels D and E are representative of three independent implantation sites in each group. F, increased signals for ␥H2AX, a senescence and DNA damage response marker, was observed in Faah Ϫ/Ϫ decidua. The framed area is shown in high magnification and quantification of ␥H2AX-positive cells is shown in panel G (mean Ϯ S.E.; *, p Ͻ 0.05, Student's t tests). Dec, decidua; Sp, spongy layer; Lab, Labyrinth zone. APRIL 8, 2016 • VOLUME 291 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 8235 ble in WT and Faah Ϫ/Ϫ implantation sites (Fig. 3B ). This observation was reflected in levels of PGE 2 , PGF 2␣ and 6-keto-PGF 1␣ (the stable metabolite of PGI2) as measured by LC-MS Mass Spectrometry (35) (Fig. 3C) . These results implicate that increased PG levels were not the reason for enhanced susceptibility of Faah Ϫ/Ϫ mice to LPS-induced PTB.
Endocannabinoid Signaling in Decidual Senescence
While approaching parturition, decidual cells undergo progressive senescence as marked by gradual increases in senescence-associated ␤-galactosidase (SA-␤-Gal) staining (4). Our previous study showed that premature decidual senescence increases the risk of PTB (7) . Therefore, we examined SA-␤-gal staining in WT and Faah Ϫ/Ϫ females. We found that Faah Ϫ/Ϫ decidual cells have increased SA-␤-gal staining on days 12 and 16 of pregnancy (Fig. 3, D and E) , suggesting that decidual cells undergo premature senescence under elevated endocannabinoid signaling. After LPS challenge, the SA-␤-gal staining was significantly increased in WT decidual cells. In Faah Ϫ/Ϫ females, SA-␤-gal signal intensity was also higher. Interestingly, the area of the decidual zone was greatly reduced after LPS injections, suggesting that senescent Faah Ϫ/Ϫ decidual cells rapidly deteriorated in response to LPS challenge (Fig. 3D) . To further explore this finding, we examined ␥H2AX expression, another marker of senescence associated with DNA damage response (42) . The number of ␥H2AX-positive decidual cells in Faah Ϫ/Ϫ females was substantially higher compared with the WT decidual bed (Fig. 3, F and G) . These results suggest Faah Ϫ/Ϫ decidual cells undergo premature senescence and are susceptible to LPS challenge.
Endocannabinoid Signaling Activates p38 MAPK Signaling and Advances Decidual Senescence-Many pathways have been shown to actively participate in senescence, including p16, p21, p38, and Foxo1 (43, 44) . Our recent work showed that activation of Akt-mTOR-p21 signaling axis in deciduae leads to premature senescence (4) . To further investigate the mechanism of premature senescence in Faah Ϫ/Ϫ females, we examined the levels of p16, p21, Foxo1, and mTORC1 signaling by either qPCR or Western blotting. There were no significant differences in levels of p16, p21, and Foxo1 in decidual samples from WT and Faah Ϫ/Ϫ females on day 16 (Fig. 4A ). Although mTORC1 activation in p53 d/d mice plays a key role in mediating the decidual senescence (5) , the activity of mTORC1 as shown by pS6 levels was comparable in WT and Faah Ϫ/Ϫ decidual tissues (Fig. 4B ). MAP kinases including phosphop38 (p-p38) and p42/44 are known to mediate cannabinoid receptor signaling (45) , and they can induce cellular senescence (44) . We used Western blotting to examine the activation of p38 and p42/44 in day 16 decidual tissues of WT and Faah Ϫ/Ϫ females and found that activation of p38, but not p42/44, was higher in Faah Ϫ/Ϫ decidual tissues (Fig. 4C ). An elevation of p-p38 was also noted in day 12 Faah Ϫ/Ϫ decidual tissues. To identify the location of cells with activated p38, we performed immunohistochemistry of p-p38 in day 16 WT and Faah Ϫ/Ϫ implantation sites. The p-p38 positive signals were mainly located in the decidual zone close to the mesometrial side (Fig. 4D) .
The above results further prompted us to ask whether elevated activation of p38 in Faah Ϫ/Ϫ females induced premature senescence. Pregnant Faah Ϫ/Ϫ females were treated with a p38 inhibitor, SB203580, on days 10, 12, and 14 of pregnancy, and tissues were collected on day 16. The treatment of SB203580 did not change the phosphorylation or total amount of p38, but efficiently inhibited p38 function as evident from decreased activation of MAPKAPK2, a direct target of p38 (Fig. 4E) . Faah Ϫ/Ϫ females treated with SB203580 showed attenuated decidual senescence on day 16 (Fig. 4F ). After LPS injection on day 16, 2 of 8 Faah Ϫ/Ϫ females pretreated treated with SB203580 showed preterm birth. Mice not showing preterm birth mostly produced live pups. The rate of preterm birth in pretreated with SB203580 was much lower as compared with non-treated counterparts (25% versus 80%).
Wild-type Females Exposed to Higher Endocannabinoid Signaling Show Premature Decidual Senescence at Midgestation-
Using Faah Ϫ/Ϫ females, we have shown here that decidual cells undergoing premature senescence in these mice which are consistently exposed throughout their lifetime to higher endocannabinoid/NAE signaling. We asked whether WT mice with short term exposure to higher endocannabinoids/NAEs would show similar premature decidual senescence during the late gestational stage. Pregnant WT females were treated with URB597, a selective FAAH inhibitor, or vehicle from days 10 to 15, and implantation sites were collected on day 16. The decidual cells treated by URB597 showed higher SA-␤-gal staining (Fig. 5A) . Although our mass-spectrometry data show increased levels of a panel of NAEs in Faah Ϫ/Ϫ decidua, AEA is considered the most biologically active NAE toward CB receptors. To see if higher AEA levels would cause premature decidual senescence, pregnant WT females were treated with methanandamide (mAEA), a stable AEA analogue or vehicle from days 10 to 15, and implantation sites were collected on day 16. SA-␤-gal staining showed mAEA induced premature decidual senescence in WT females (Fig. 5A ). Similar to Faah Ϫ/Ϫ decidua, decidual protein extracts from implantation sites treated with either mAEA or URB597 exhibited higher p-p38 levels in WT females (Fig. 5B) , and mice exposed to mAEA were more susceptible to LPS induced PTB (Fig. 5C ). These results suggest that decidual cells with acute exposure to higher AEA signaling during midgestation undergo premature decidual senescence, increasing the risk of PTB after LPS challenge.
Anandamide Induces Senescence in Decidual Cells in Vitro-To investigate whether endocannabinoid signaling targets decidual cells directly, we generated decidual cells from primary stromal cells by steroid hormones in vitro (33) . Stromal differentiation to decidual cells was validated by monitoring the expression of prolactin family 8 subfamily member 2 (Prl8a2), a known marker of decidualization in mice (46) . Prl8a2 was induced in decidualized cells 3 days after hormone treatment (Fig. 6A ). Similar to our in vivo results, mAEA activated p38 signaling in decidual cells (Fig. 6B) . To test whether higher endocannabinoid signaling induces decidual cell senescence in culture, we cultured decidual cells in the presence of 5 M mAEA. Indeed, cells exposed to mAEA showed higher SA-␤-gal staining (Fig. 6C ), providing evidence that mAEA induces cellular senescence in decidualizing cells. These results were further reflected in higher number of ␥H2AX-positive decidual cells after mAEA exposure (Fig. 6C) . These results suggest that mAEA directly targets mouse decidual cells to activate p38 signaling and induces decidual cell senescence.
Activation of p38 by Endocannabinoids Is Mediated by CB1-Endocannabinoids and ⌬9-tetrahydrocannabinol, the active component of marijuana, operate through two G protein-coupled receptors, CB1 and CB2. CB1 has been identified in human maternal decidual cells (47) . We observed that Cnr1 RNA expression 3 days after stromal cell induction to decidualization in vitro (Fig. 6D ). To identify which CB receptor type mediates AEA signaling, we treated decidual cells with SR141716 (SR1, a CB1 antagonist) or SR144528 (SR2, a CB2 antagonist) in the presence or absence of mAEA. We found that only SR1, but not SR2, reversed the activation of p38 by mAEA (Fig. 6, E and F) , suggesting that mAEA activates p38 signaling via CB1. This in vitro data prompted us to ask whether we could reverse the phenotype in Faah Ϫ/Ϫ females. Pregnant Faah Ϫ/Ϫ females were treated with SR1 or vehicle from days 10 to 16, and challenged by LPS on day 16. Faah Ϫ/Ϫ females treated by SR1 showed much lower PTB rate after LPS challenge (Fig. 6G ). We also used mice with deletion of both Faah and Cnr1 (Faah Ϫ/Ϫ / Cnr1 Ϫ/Ϫ ). However, deletion of Cnr1 did not reverse the phenotype of Faah Ϫ/Ϫ females. After the mice were challenged with LPS (25 g) on day 16, 85% of Faah Ϫ/Ϫ /Cnr1 Ϫ/Ϫ females experienced preterm delivery, similar to that of Faah Ϫ/Ϫ females (80%). These observations raise the possibility that short term inhibition of CB1 by SR1 during mid-gestational stage is effective, whereas mice with CB1 deficiency from conception develop other means to transduce signaling. Taken together, mAEA induces decidual senescence via CB1-acti- . D, Cnr1 is expressed in decidualized stromal cells. Cnr1 transcripts were present in decidualized stromal cells 3 days or 5 days after hormone induction. WT (Br) and Cnr1 Ϫ/Ϫ brain tissues were used as positive and negative controls. E and F, Western blotting and quantification of data show that SR1 but not SR2 prevented the increase in p-p38 levels in primary stromal cells decidualized in vitro (mean Ϯ S.E.; *, p Ͻ 0.05, Student's t tests). G, pregnant Faah Ϫ/Ϫ mice treated with SR1 showed lower PTB rates compared with those treated with vehicle after LPS injection on day 16 of pregnancy (*, p Ͻ 0.05, Chi-square test). vated p38 signaling, which can be blocked by a selective CB1 antagonist both in vitro and in vivo.
Discussion
PTB is a syndrome of multiple etiologies (6) . One cause of PTB is premature onset of decidual senescence. Our previous and present studies clearly show that more than one signaling pathway can confer premature decidual senescence to trigger PTB. It is intriguing that inactivation of p53 in the uterus causes premature decidual senescence via heightened mTORC1 signaling with associated changes in higher PG levels, whereas premature decidual senescence that results from higher and sustained endocannabinoid signaling is induced by activation of p38 MAPK signaling, making pregnant females more susceptible to PTB by infection/inflammation. The most striking observation is that chronic or short-term exposure to higher endocannabinoid signaling can provoke senescence-induced PTB.
There are two interesting aspects to note in this study. The first is that AEA targets decidual cells directly via CB1 to activate p38 signaling and decidual senescence. Secondly, shortterm acute antagonism of CB1 signaling by a specific CB1 antagonist treatment during midgestation provided strong resistance to PTB in LPS exposed Faah Ϫ/Ϫ females with decreases in decidual senescence. Surprisingly, superimposition of Cnr1 deletion in Faah Ϫ/Ϫ females did not reverse the phenotype in Faah Ϫ/Ϫ females exposed to LPS. These observations raise the possibility that mice with life-long CB1 deficiency either adapt to manage the deficiency by utilizing an unidentified signaling system, or that sustained higher AEA and other NAEs exert effects through additional pathways.
Our results show that Faah Ϫ/Ϫ females show normal gestational length and birth weight under controlled pregnancy environments. However, higher endocannabinoid signaling serves as a catalyst for PTB if the mother is exposed to environmental insults, such as infection/inflammation and other stressors. Information on the impact of cannabinoids on pregnancy may help healthcare providers counsel patients and improve the health and well-being of pregnant patients and their children; here is evidence that enhanced endocannabinoid signaling from reduced expression and activity of FAAH in peripheral lymphocytes is associated with pregnancy loss in humans (48) . Notably, aberrant FAAH in maternal lymphocytes is also associated with failure to achieve an ongoing pregnancy after in vitro fertilization and embryo transfer (49) .
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